Effects of Schistosomal Mansoni Infection on Calomys callosus Coelom-associated Lymphomyeloid Tissue (Milky Spots)
This animal is a mouse-like South American wild rodent (Hershkovitz 1962 , Massoia & Fornes 1965 and is a permissive host to S. mansoni infection (Borda 1972 , Coelho et al. 1979 , Mello 1979 /80, Lenzi et al. 1995 . C. callosus presents peculiar reactional aspects to S. mansoni infection lacking, in the liver, histopathological signs of hypersensitivity, without being an athymic animal (Lenzi et al. 1995) . It seems to utilize preferably, in inflammatory rections provoked by S. mansoni products, more ancestral cells (macrophages, granulocytes, mast cells), phylogenetically derived from coelo-mocytes. In fact, MS represent subsidiary foci of coelom-associated lymphomyeloid tissue (CALT) .
S. mansoni adult worms live in mesenteric vessels, and consequently, their released products can reach the mesenteric and omental microcirculation, being a CALT activator.
For these reasons, we studied the morphological characteristics and the reactivity patterns of CALT in S. mansoni infected C. callosus.
MATERIALS AND METHODS
Fourty-four C. callosus were percutaneously infected with 70 S. mansoni cercariae when they were five days old, and killed on the following days after infection: 42 (6 animals), 55 (9 animals), 90 (14 animals), 160 (14 animals) and 229 (1 animal).
Twelve non-infected C. callosus matched in age with the animals 55 and 160 days of infection were used as controls (6 animals/point). Lungs, liver, intestines, spleen and pancreas fragments were removed from all animals to evaluate the level and characteristics of the infection, while the entire mesenterium, greater and pancreaticosplenic omenta were removed. All tissue samples were fixed in Carson's modified Millonig's phosphatebuffered formalin, pH 7.4 (Carson's formalinMillonig) (Carson et al. 1973 ) and embedded in paraffin. Histological sections of all organs were stained with hematoxylin-eosin (H & E). Additional stains were applied to mesenteries and omenta, such as Lennert's Giemsa (Lennert 1978) and Gomori's reticulin stains for brightfield microscopy and phosphomolybdic acid-picrosirius red (PMA-PSR) (collagen) (Dolber & Spach 1993) , Sirius red pH 10.2 (eosinophils) (Bogomoletz 1980 , Luque & Montes 1989 , Vale et al. 1997 ), Masson's trichrome (plasma cells), and Alcian blue/safranin (mast cell subpopulation) (Strobel et al. 1981) for confocal laser scanning microscopy (CLSM). In 15 animals with 55, 90 and 160 days of infection, the mesenteries were distended using an intraintestinal spiral copper wire and also fixed in Carson's formalin-Millonig and stained with Lennert's Giemsa for 2 hr. After staining, the mesenteries were separated from the intestines with scissors, and the leaflets, usually three, were mounted, after two xylenes baths, with Gum Damar and coverslip. One distended mesentery was desiccated in incubator (37 o C, 1 hr), and analyzed in scanning electron microscopy (SEM)-lowvacuum mode .
Cryostat large omentum (and spleen) sections of two infected C. callosus (55 and 160 days of infection) and two controls were studied by direct immunofluorescence using FITC conjugated monoclonal antibodies against mouse CD5, TCR ab, TCR gd, CD 23, CD 45 (B220) (PharMingen, San Diego, CA, USA) and FITC-conjugated polyclonal antibodies against IgM, IgG and IgA (Sigma Chemical Co., St. Louis, MO, USA). In five animals, the pleural membrane that centrally divides the thoracic cavity was also isolated, fixed, embedded in paraffin, and the sections were stained with H&E, Lennert's Giemsa and Sirius red pH 10.2.
RESULTS
Mesenterium leaflets (not sectioned, prepared with spiral copper wire and stained with Lennert's Giemsa) from non-infected C. callosus showed mast cells in rows, close to the large and small vessels (arteries, veins and lymphatics) of the trabecular connective and adipose tissues (Figs 1-3) . They also presented few and isolated MS (sometimes rich in mast cells) and clean (free of inflammatory cells), transparent and thin membranes between trabeculae (Figs 1, 4, 5) . Otherwise, the mesenteries of infected animals (55, 90 and 160 days of infection) presented intense and diffuse cellularity, mainly constituted by monocytes, neutrophils and mast cells. The mast cells were more numerous nearby greater and lesser vessels and inside MS, and sometimes were diffusely spread all over the mesenterium leaflets (Fig. 6) . The vascular network, even in the mesenteric membranes, became exacerbated (Figs 10, 11 ). Dense and long lymphocytic perivascular sheaths were detected in limited segments of veins (Figs 7, 8) . MS became greater and more numerous due to an increment in their cellularity (Figs 8, 9, 12) . They can take different forms such as marginal and non-marginal sessile, papillary and cordonal . Some MS displayed a dense cellular core surrounded by a layer of spread cells (Fig. 13) .
Highly activated MS, in histological studies, were noticed either in mesenteries as in omenta, at all stages of infection. They were composed of abundant lymphocytes, diffuselly distributed or arranged in perivascular sheaths (Fig. 14) or forming clusters of lymphoblastoid cells (Fig. 15 ). These cells formed pseudofollicular aggregates and defined, from 90 days of infection onwards, distinct germinal centers in the second phase of development, consisting mostly of centroblasts, some in mitosis. Germinal centers also presented phagocytosis centers containing apoptotic cellular residua (Figs 16, 17) . One MS of 229 days S. mansoni infected C. callosus expressed several germinal centers, acquiring a lymph node-like aspect (Fig. 18 ). MS presented also foci of plasmacytogenesis, numerous mature plasma cells (Fig. 19) , with Russel bodies (Fig. 20 ), which were sometimes periarterially disposed. There was frequent megakaryopoiesis (Fig. 21 ) and erythropoiesis foci ( Fig. 22) , with few and limited areas of eosinopoiesis (Figs 23, 24) and rare neutrophils. Eosinopoiesis foci were more exuberant at 42 days of infection (Fig. 23 ). Large and numerous safranin positive mast cells were localized below the mesothelial surface . The mesothelial cells were usually hypertrophic (type II) (Fig. 28) , and fibroblasts and mainly macrophages were the predominant stromal cells. On 160 days after infection, MS frequently enclosed lymphatic vessels, full of median size lymphocytes. MS stroma was made of a diffuse and delicate mesh of reticular (Fig. 29) , and collagen picrosirius-positive fibers. The fibers were situated mainly under the mesothelial surface or around the vessels (Fig. 30) . Such fibers were found to connect the mesenteric milky spots to the stromal network of the mesenteric membranes (Figs 32, 33) . Intravascular S. mansoni eggs and small periovular granulomas were sometimes seen (Fig. 31) . Omental MS of control animals were essentially composed by small lymphocytes, macrophages, mast cells and plasma cells.
Pleural MS findings, in infected animals, were more monotonous than the omental ones, and were constituted by numerous mast cells, lymphocytes, plasma cells, monocytes/macrophages and few eosinophils. (Fig. 10) ; X 80 ( Fig. 11) ]. (Fig. 16 ) and 90 days (Fig. 17) (H&E, bar = 50 mm). (Fig. 23 ) and 160 days (Fig. 24) [Sirius red, pH 10.2, CLSM, bar = 15 mm (Fig. 23) ; bar = 10 mm (Fig. 24) ]. Tested cellular markers for mice yielded negative results, except for IgM and IgG, which presented cross-reactivity with C. callosus. Most of omental MS plasma cells were IgM positive (data not shown).
DISCUSSION
C. callosus presented intense mesenteric and omental reactivity, mainly in MS, during schistosomal infection, as was also demonstrated in mice . These structures (MS) were mainly of lymphomyelocytic (42 to 90 days) and lymphoplasmacytic (160 days of infection) types, showing frequent presence of lymphoid follicles with germinal centers, plasmacytogenesis and plasmacytosis, mastocytosis, megakaryopoiesis, erythropoesis and less pronounced eosinopoiesis. These results indicate that MS are a preferential site of germinal center-dependent and independent plasmacytogenesis, and a bone marrow-like organ, committed to various cellular lineages (lymphocytes, monocytes/macrophages, megakaryocytes, erythrocytes and eosinophils). MS also appear to be a preferential site, as in rats (Yong et al. 1975 (Yong et al. , 1977 , of mast cells maturation and proliferation. The morphological aspects of lymphocytes and plasma cells, even in the absence of specific cellular markers to characterize different C. callosus lymphocyte populations, suggest that their MS produce B1 (plasma cells IgM +) and B2 lymphocytes (local development of germinal centers). Stall et al. (1996) were unable to detect, in mice, any significant involvement of B1 cells in the generation of germinal centers. However, they suggested that the secretion of low affinity IgM antibodies by B1 cells helps to promote the formation of immune complexes which are necessary for the generation of germinal center from conventional B cells. The tendency of C. callosus MS to develop germinal center, when stimulated by S. mansoni infection, and to present, usually, large number of mast cells, suggests that they react more like rat than mouse MS (Yong et al. 1975 , 1977 , Mandache et al. 1989 ). The generation of germinal centers are characteristic of B2 lymphocytes and presupposes the presence of follicular dendritic cells. These cells were not identified in human MS (Krist et al. 1995) . It is important to point out that the C. callosus MS develop germinal centers more frequently and in large number than in mice, and show less expression of the granulocyte component (eosinophils and neutrophils). C. callosus MS express also more megakaryocytopoiesis and erythropoiesis foci than those of mice. Megakaryocyte and erythrocyte have their own specific lineage factors and require also common growth factors (GM-CSF, IL-3). They are partially influenced by the same cytokines, such as IL-1, IL-7, IL-9, IL-11, and both present receptors to erythropoietin (Miyajima et al. 1992 , Metcalf 1993 , Foucar 1995 . Hirai et al. (1994) demonstrated that erythropoiesis can be induced by intraperitoneal administration of erythropoietin in omental MS in normal mice.
It has been shown that C. callosus is a permissive host to S. mansoni (Mello 1979/80) and that it shows a peculiar granulomatous reaction. Its granulomas are usually small and composed by big and mature macrophages, rich in schistosomal pigment (liver) and eosinophils. They contain few lymphocytes and neutrophils, and produce less extracellular matrix than the murine and human granulomas (Lenzi et al. 1995) . Intestines and mesenteries of C. callosus exhibit a great number of mucosal (MMC) and connective tissue (CTMC) mast cells. This type of inflammatory reaction, based in macrophages, granulocytes and mast cells, suggests that these animals employ an ancestral pattern of cellular response. Studies on the evolution of the immune system, including vertebrates, demonstrated that macrophages, granulocytes and mast cells are related to ancestral phagocytic cells (celomocytes), having gone through all the phylogenetic level of the evolution of immunity (Cooper 1982) . On the other hand, schistosomes and their ancestrals had co-evolved with different hosts, from fishes, turtles, dinosaurs and transitional forms of birds, to birds, rodents and hominids (Combes 1990 ). Therefore, schistosomes had cohabited with animals originated in the Devonian period of the Paleozoic era (300 to 400 millions of years ago). They had the opportunity to live together with animals with only differentiated leucocytes (earlier levels of immunoevolution), or presenting primordial cell-mediated immunity, integrated cell-and humoral antibody immunity and, finally, complex immunoregulation with multiple immunoglobulins classes and subclasses, as well as T and B heterogeneous repertoires (Hildemann 1974 , Tam et al. 1976 ). Rodentia order, to which Cricetidae family belongs, appeared during the Eocen, an epoch that began 57.8 millions of years ago. Mice originated in the Oligocen (36.6 millions of years ago), and the cricetids in the Miocene (23.7 millions of years ago) (Reig 1984 , Storer et al. 1991 , Pough et al. 1993 .
The CALT constituted of MS is probably ontogenetically derived from splancnopleura (intraembryo AGM) (= aorta (dorsal), genital ridge and mesonephros) (Dzierzak & Medvinsky 1995) , and represents a primordial organ, one that maintains the "phylogenetic memory" of the coelom-associated lymphomyeloid organs. S. mansoni had a long experience of cohabitation with coelomated animals, and can provoke reactivity to CALT, stimulating generation of B1 lymphocytes and of plasma cells producers of IgM of low affinity, towards determinants on both self and microbial antigens (Hardy et al. 1996 , Kroese et al. 1996 . The B1 lymphocytes constitute a central subset which is tightly connected by network interactions, which gradually expands during the life of a mouse, driven only by idiotypic-anti-idiotypic interactions, and which influences through network connections the repertoire of conventional B-cells and also of Tcells (Mitchison 1992) . The consequence of this reactivity between S. mansoni and its hosts, like C. callosus, is still unknown and is under investigation. Velupillai and Harn (1994) and Velupillai et al. (1997) , demonstrated that lacto-N-fucopentaose III, a sugar found on egg antigens of S. mansoni, contributes to the up-regulation of peritoneal B1 and splenic B cells during the infection. Martins-Filho (1997) detected high level of B1 (CD19+ CD5+) cells in the peripheral blood of patients with acute, intestinal, hepatointestinal, and hepatosplenic states of S. mansoni infection. Dux et al. (1996) found that in naive mice, the proportion of IgM+ CD5+ cells to Thy-1,2 cells shed by omental membrane cultures was nearly the same as in peritoneal cell populations. Shimotsuma et al. (1991) and Krist et al. (1995) investigated the cellular composition of human MS of the greater omentum, and detected that they were composed by 29.1% and 10.1% of B lymphocytes, respec-tivelly. This difference in the percentage of B cells was likely to be due to the individuals' ages, functional state and techniques applied (Krist et al. 1995) .
Although CALT exists in humans, it is unknown by the majority of pathologists and immunologists. Often, these structures are confounded with unspecific inflammatory infiltrates.
In conclusion, we propose that C. callosus, infected with S. mansoni, is an additional and interesting model to study the CALT characteristics and reactivity.
